We analyze drawdown reciprocity gaps emerging in interference tests performed 15 in a confined fissured karstic formation. Modeling the system as a dual porosity 16 continuum allows characterizing the dynamics of the relative contribution of the 17 connected fractures and the rock matrix to the total flow rate extracted at the pumping 18 wells. Observed lack of reciprocity of drawdowns can then be linked to the occurrence 19 of processes that are not accounted for in the classical flow models based on a single-20 continuum representation of the system through flow equations grounded on Darcy's 21 law only. We show that interpreting the system as a dual porosity continuum can cause 22 drawdown reciprocity gaps to emerge as a consequence of local effects associated with 23 an identifiable contribution of the matrix to the total fluid extracted at the well location 24 during pumping. These theoretical results are then employed to identify the contribution 25 to the flow being supplied to the pumping well by the low conductivity matrix 26 constituting the host rock formation, in contrast to that provided by the fractures. An 27 application to data from two interference tests performed at the Hydrogeological 28
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Experimental Site (HES) in Poitiers, France, illustrates the approach. We show that, 29 whenever the matrix is assumed to provide a contribution to the total flow rate 30 extracted, non-reciprocity is expected, the latter being linked to the occurrence of a 31 differential drawdown between fracture and matrix at the pumping well. This difference 32 decreases with time in the example presented, displaying a power-law late time 33 behavior, with non-reciprocity effects persisting up to remarkably long times. 34 35
Introduction 46
Conceptual models employed to describe fluid flow in fractured reservoirs 47 drawdown curves have been reported. Section 3 presents the mathematical analyses 121 associated with applications of the reciprocity theorem by considering a cross-hole 122 pumping test in a fractured medium; here flow is interpreted through a dual porosity 123 formulation where the pumping well is treated according to diverse modeling 124 alternatives. This framework is then applied in Section 4 to the analysis of interference 125 tests performed at the site to illustrate our approach for the characterization of the 126 contribution of the rock matrix to the global flow rate extracted from the fractured 127 medium. interpretation suggested that the site can be characterized as a three-dimensional 136 complex system where high porosity bodies are embedded in a low-porosity (compact) 137 matrix, thus supporting a conceptualization of the medium as a dual continuum for the 138 purpose of flow dynamics analyses [e.g., Kaczmaryk and Delay, 2007] . 139
Interference tests were performed through a standard procedure according to 140 which water is extracted at a constant flow rate from a well and drawdowns are 141 monitored at all other wells. Pumping was performed sequentially at selected wells 142 within the site, each test lasting 60 to 120 h of pumping, followed by a relaxation period 143 of a few days to enable heads to return to their initial levels. Additional test operational 144 details are presented by Kaczmaryk and Delay [2007] and Riva et al. [2009] . (in hydraulic terms) to 11 than 11 is to P6, (drawdowns in P6 while pumping in P11 154 appear later than drawdowns in P11 when pumping in P6; see Figure 1b) . 155
Additional analysis of this observed behavior could be based on the work of 156
Meier et al. [1998] and Sanchez-Vila et al. [1999] . According to these authors, in a 157 single continuum representation of the system and after long times all drawdown curves 158 should display the same slope when viewed in a drawdown versus log-time plot; such 159 slope is directly related to the effective transmissivity of the site. Figure 1b shows that 160 the slope of the drawdown curve recorded when pumping takes place at point 11 161 displays a late time slope which is higher than that observed when pumping takes place 162 at well P6. On the basis of the results depicted in Figure 1a , the behavior observed in 163 Figure 1b is an additional indication that it is not possible to model the flow response 164 around well 11 as a single continuum. 165
Effect of the Choice of Boundary Conditions at the Pumping Well in a Dual 166

Porosity Model for the Characterization of Reciprocity Gaps 167
We conceptualize a fractured system by means of a dual porosity model. The 168 system of equations driving flow in such a system is 169
Here, superscripts f and m refer to fracture and matrix continua, respectively;   
] is a spatially variable parameter controlling the 175 mass of fluid transferred between fracture and matrix, driven by the pressure/head 176 differences locally existing between the two continua; and
], assumed to take place solely in the fractures (notice that from 178 the definition of drawdown,
] being hydraulic 179 conductivity of the fracture continuum. Equations (1)-(2) are supplemented by 180 appropriate initial and boundary conditions. Regarding the former, we consider zero 181 initial drawdown at all points, i.e.,
We then assume homogeneous boundary conditions at all points along the 183 external domain boundary. As opposed to Delay et al. [2011] , we explicitly treat the 184 pumping well as an internal boundary, where the volume of water pumped is given as 185 the sum of the volume extracted directly from the fracture and that supplied from the 186 matrix, i.e., 187 
Note that (5) is characterized by one well being active, extracting a flow rate 213 j = A, B) , the other one being inactive. Rewriting (5), introducing the 214 corresponding subscripts in ,  to denote that the integrals are performed at the well 215 locations (either A or B), yields 216
Qj(t) (
Finally, introducing the boundary conditions (3) for wells A and B, respectively 218 pumped at flow rates QA and QB, assuming that the drawdown in the fracture continuum 219
is uniform along open boreholes at the observation location, and that the difference 220
is relatively uniform along the pumped borehole, leads to 221 
223
As opposed to the results of Delay et al.
[2011] associated with a single 224 continuum, here we find from (7) that in general
Therefore, reciprocity of drawdowns observed in the fractures is not guaranteed with the 226 exception of the special case where A = B = 0, or when the drawdowns in the fracture 227 and matrix coincide at all times, the latter condition being representative of a very fast 228 exchange between the two continua (i.e., the dual continua medium is effectively 229 behaving as a single continuum). 230
The solution presented in (7) is thus linked to our choice of boundary condition 231 according to which one models the pumping well. A different scheme was investigated 232
by Delay et 
Comparison of (7) and (8) suggests that in a dual porosity model treating the 244 well either as a source/sink term in the fracture or as a boundary condition (in the way 245 we do in (3)) leads to diverse interpretations of conditions of occurrence of reciprocity 246 gaps as well as to diverse quantifications of the temporal dynamics of such gaps, as 247 driven by the conceptual model employed for the representation of the medium. 248
Characterization of Rock Matrix Contribution to Total Extracted Flow Rate 249
Here, we explore the application of (7) to provide information about the way the 250 rock matrix contributes to the global flow rate conveyed through the medium in the 251 modeling context analyzed. We start by noting that in interference tests the observables 252 are the flow rate and drawdowns at the pumping and observation boreholes [e.g., 253
Illman, 2014 and references therein]. We employ here the common assumption [e.g., 254
Bourbiaux, 2010] that a measurement device (e.g., a pressure transducer) placed at a 255 borehole provides information mostly about the drawdown at the fracture. As such, 256 corresponding drawdowns in the matrix cannot be properly measured in general and 257 might only be inferred indirectly. 258
Thus, in a classical interference test between locations A and B, measurements 259 We recall here Figure 1a, i.e., the drawdown curves recorded at wells P6 and 07 269 during the interference test. In this case, the drawdown curves display a clear reciprocal 270 behavior. When this observation is implemented in (7), it is concluded that 271
We note that emergence of reciprocity does not necessarily imply that the system should 273 be interpreted as a single continuum. In the context of a dual porosity formulation, it 274 could imply that the flow extracted at the well location is supplied by the fractures in 275 the system, with zero or very limited contribution from the matrix (see (8) and 276 associated discussion). However, a non-reciprocal behavior was observed for the 277 drawdowns recorded in the interference test performed between wells P6 and 11 (Figure  278 1b). 279
To interpret the nonreciprocal drawdown curves in Figure 1b , we start by combining (7) 280 and (9), to obtain 281 6  6  11  11  11  11  11  11  11  6  11 , , quantities were available. Drawdowns measured at the pumping wells could not be used 287 at HES, as head losses could not be filtered from the signal at the pumping location, as 288 it is common in most practical applications. As a consequence, the joint use of (10) , ,f to vanish for (very) long times. The asymptotic behavior we document suggests that 305 reciprocity gaps associated with an interpretation based on a dual porosity model upon 306 treating the pumping well as a boundary condition tend to disappear for long pumping 307 times, in agreement with the conceptual picture presented by Acuna et al. [1995] , Acuna 308
and Yortsos [1995] , and Delay et al. [2011] . Yet, these gaps remain for very long times 309 in practical applications of the kind we analyzed here. 310
As discussed in Section 3, reciprocity in the fracture drawdowns takes place 311 whenever water is only extracted from the fracture, even as a dual continuum 312 conceptual model is invoked to depict the system behavior, provided that 313
Here we showed that whenever it is considered that the matrix 314 partially contributes to the total flow rate extracted, nonreciprocity is expected, as 315 linked to the occurrence of a differential drawdown between fracture and matrix. This 316 difference decreases with time in the example presented, displaying a power-law late 317 time behavior, characterized by a small (negative) exponent. 318
Conclusions 319
Our work leads to the following major conclusions: 320 1. We show that interpreting a fractured medium as a dual porosity continuum can 321 cause reciprocal and nonreciprocal behavior of drawdown in modeled interference 322 tests to coexist in a given area, as these are related to the local ability of the matrix 323 to contribute to the total flow extracted at the pumping well. 324 2. We demonstrate that the way the pumping well is treated in a dual porosity model 325 (i.e., as a source/sink term acting in the fracture or as a prescribed flow rate 326 boundary, where the contribution of the matrix to the extracted flow rate is 327 included) has a significant impact on the way reciprocity gaps can emerge and be 328 quantified in the fracture continuum. In this modeling context, absence of drawdown 329 reciprocity gaps might suggest that water is extracted from the fractures, with no 330 contribution from the matrix. That is, the occurrence of reciprocal drawdowns does 331 not necessarily imply that the system behaves as a single continuum so that a dual 332 continuum conceptualization can still form the basis for the description of the flow 333 features in a fractured host formation. 334 3. We explore and quantify for the first time the asymptotic (for long observation 335 times) behavior at the pumping well of the difference between drawdowns 336 associated with the fracture and matrix continua in a dual porosity representation of 337 fractured geological media subject to interference hydraulic tests. Our theoretical 338 results are employed to identify the matrix contribution to the flow being supplied to 339 the pumping well by the host rock formation. This identification is based on actual 340 data from an interference test performed at a fissured confined karstic formation 341 (HES Site, France). We show that whenever the matrix is assumed to provide a 342 contribution to the total flow rate extracted (a) the resulting non-reciprocity of 343 drawdowns can be employed to quantify such contribution, and (b) the difference 344 between the drawdowns in the fracture and rock continua at the well tends to 345 decrease by following a power-law late time behavior, with non-reciprocity effect 346 persisting up to very long times. 347 
